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(57) ABSTRACT

A master-slave manipulator includes a slave manipulator, a
master operation input device, and a control unit. The slave
manipulator includes joints having multiple degrees of free-
dom. The master operation input device allows an operator to
uniquely input a position and an orientation. The device
includes a first operation unit configured to output the posi-
tion and orientation, and a second operation unit including at
least a joint configured to output value of the joint indepen-
dently with the output of the first operation unit. The control
unit calculates a driving amount of each joint of the slave
manipulator using the position and orientation of the second
operation unit and controls the slave manipulator in accor-
dance with a joint driving command value.

6 Claims, 17 Drawing Sheets

30 20 10
/ / 4
Slave manipulator Contraller Master operation
o 2 2 input device
Ky T
- Varioulat Comx;ﬁand ot )
< Manipulator value aster —
Slave arm cantolont [ contolunit [ Operation unit
— B 1
N Image R -
pmoess%g unit Display unit




US 9,283,679 B2

Page 2
(56) References Cited Jp 05-228854 9/1993
P 7-246578 A 9/1995
U.S. PATENT DOCUMENTS Jp 7-276265 A 10/1995
P 2001-501125 A 1/2001
4,887,222 A * 12/1989 Miyakeetal. ................ 700/262 P 2002-102248 A 4/2002
5943914 A * 8/1999 Morimoto etal. ........ 74/479.01 P 2002-128000 A 5/2002
6,280,425 Bl 82001 Del Guercio P 2002-172581 A 6/2002
6,364,888 B1* 4/2002 Niemeyeretal. ............. 606/130 P 2003-340752 12/2003
6,459,926 B1* 10/2002 Nowlinetal. ................ 600/429 P 2003-340752 A 12/2003
6,635,071 B2  10/2003 Boche et al. P 2005-103741 4/2005
6,659,930 B2* 12/2003 Molletal. .....ccccovee..... 600/102 P 2006-334695 12/2006
6,837,883 B2*  1/2005 Moll etal. ...ccoocoovrvurecre... 606/1 P 2007-301692 A~ 11/2007
6.8%9.116 B2 52005 Jinno P 2007-325936 A 12/2007
7043338 B2 52006 Jinno P 2007-535989 A 12/2007
7,454,268 B2  11/2008 Jinno P 2010-17804 A 1/2010
7,736,356 B2 6/2010 Cooper et al. 1P 2010-29507 A 2/2010
7,778,733 B2*  8/2010 Nowlin et al. ..cccoovvrnrn... 700260 WO W0 99/04702 AL 2/1999
7,806,891 B2* 10/2010 Nowlin et al. oo 606/1 WO WO 00/60421 A2 10/2000
7,865,266 B2* 1/2011 Molletal. ... 700/245 WO WO 2009007347 A2 *  1/2009
7,899,578 B2* 3/2011 Priscoetal. ....cooo.... 700/254
8,002,784 B2 82011 Jinno OTHER PUBLICATIONS
. .
%88;;822283‘3‘ ﬁ} 13;588; gﬁ;l:)l:tt :11 T 700/245 English translation of International Search Report PCT/JP2012/
2008/0154246 Al*  6/2008 Nowlin et al. .oooorververen., 606/l 050828 dated Apr. 17, 2012. o
2008/0221732 Al*  9/2008 Toth et al. ovoevovevn 700/245 English language abstract of Japanese Patent Application No. JP
2008/0232932 Al 9/2008 Jinno 1016389 A. )
2009/0088774 Al*  4/2009 Swarup etal. ... 606/130 Japanese Office Action dated Jul. 15, 2014 from related Japanese
2009/0099692 Al £ 4/2009 Prisco et al. ............. 700/254 Patent Application No. 201 1-010001, together Wlth an English lan-
2010/0198402 AL* 82010 Greer etal. .ooooovovvernr.. 700/247 ~ uage translation. _ L _
2010/0317965 Al* 122010 Itkowitz et al. . L 600/425 Jonghyun Choi, et al., “Design and characteristic analysis of 7-DOF
2011/0301754 A1* 12/2011 Toth et al. ... . 700/245 hybrid master arm with human arm kinematics”, Proceedings of the
2012/0078053 Al* 3/2012 Phee et al. . 600/139 Asme Dynamic Systems and Control Division, 1998, vol. 64, Dec.
2012/0083801 Al*  4/2012 NiXON ovcovroveevereeenrenenn. 606/130 31, 1998, pp. 195-205.
Extended Supplementary European Search Report dated Feb. 20,
FOREIGN PATENT DOCUMENTS 2014 in corresponding European Patent Application No. 12737160.
7.
TP 63-267177 A 11/1988 Chinese Office Action dated Jul. 3, 2015 from related Chinese Patent
1P S64-20983 A 1/1989 Application No. 201280005866.0.
P H2-198778 A 8/1990
Jp 4-45313 B2 7/1992 * cited by examiner



US 9,283,679 B2

Sheet 1 of 17

Mar. 15, 2016

U.S. Patent

L 914

, P nun Buissaoold |
pun feidsiq | abeuw| -
} =&
¢ £¢
| | junjonuoo | unjonuod
Jlun uogesadQ 1 asep anen > émmr%mﬁ > WSS
puewwon L__
b aoimap Jndur B 7 2
uonesado Jsjsepy J8jjlonuo) Joje|ndiueus aae|g
0l 0 08




U.S. Patent Mar. 15, 2016 Sheet 2 of 17 US 9,283,679 B2

106

FIG. 2



U.S. Patent Mar. 15, 2016 Sheet 3 of 17 US 9,283,679 B2

J
~

201+,

201,

FI1G. 3B



U.S. Patent Mar. 15, 2016 Sheet 4 of 17 US 9,283,679 B2

{ Start )

‘1

Solve kinematics of end effector operation unit
103 of master operation input device and use |51
Its position/orientation as command value M

Solve inverse kinematics of slave arm in

accordance with command value M and .82
calculate command value of each joint
of slave arm
Y
Drive each joint ~-83

¥

{ End )
FIG. 4



U.S. Patent Mar. 15, 2016 Sheet 5 of 17 US 9,283,679 B2

O\
X108
\ -
.
107
FI1G.5A

201,

FI1G. 5B



U.S. Patent Mar. 15, 2016 Sheet 6 of 17 US 9,283,679 B2

{ Start )

Y

Solve kinematics of grip portion 101 of master
operation input device and use its position/ —SM
orientation M101 as command value M

Y

Calculate inverse kinematics of end position/
orientation in accordance with command value
M assuming that slave arm does not have 512
distal joint, and calculate command value for
each joint of slave arm

Y

Calculate operation amount Mr of joint for
redundant joint operation of master 813
operation input device

Y

Use operation amount Mr as

command value of distal joint | S14
Y
Drive each joint 815
Y
End

FIG. 6



U.S. Patent Mar. 15, 2016 Sheet 7 of 17 US 9,283,679 B2




US 9,283,679 B2

Sheet 8 of 17

Mar. 15, 2016

U.S. Patent

P3 8O 4
A

juiof yaea snuQ
A

\\\
1018~

|

9018 —

Ea?cm%%@ﬁ%m@éaggmﬁcé
uim Jayiaboy iof Yoea Joj anjea puBLILOD
Buinup alenajes pue ‘Juiol yoes jo Junowe
Buialip syenajes ol paxy 8q 0} paiunsse
s1 U0l JuepuUNPal YDIYM Ui L. 3ABJS JO
uoljeIUBLIo/UONISOd pu Joj 8njeA PUBLILIOD

se |y Buisn Ag SoneLaun asaAUl 8jBNED

ol yoes Joj anjea
PUBLLWIOD BUIALD 9)e[NojEd PUE 'SojewIaUNy
POLS ~ asianui ajeinojes o) Wi BABJS J0 LONEWSLIO
(UOISOd U3 JOj 3NBA PUBLILIOD SE | 95N

A

A

uoneuaLiouonISod pus io)

5018~

uonejuaLo/uonsod pus Joj j anjea
DUBLILLOD S8 (| &SN pue ‘Juiol juepunpal
10} anjeA pueuu0d Juiol se |y ubissy

anjes DUBLLILLCO SE | 88h pUE
W S1ein2ies op i Ag LoLIN Aidniniy

A

A

| P —

Sah

4

S

01§~

ol

Z01 ol jo Jpy yunowe uonessdo aiinboe
puUe ‘| O} uonejusLouonisod ajenoes
10| uontod dub jo sanewsun sAl0g




U.S. Patent Mar. 15, 2016 Sheet 9 of 17 US 9,283,679 B2

208

FI1G.9A

105

106

103 1091 10
1,103 1021 101




U.S. Patent Mar. 15, 2016 Sheet 10 of 17 US 9,283,679 B2

F1G.10A




U.S. Patent Mar. 15, 2016 Sheet 11 of 17 US 9,283,679 B2

%ii2§/ 207
kS

203,
202 rr
2@13,NME;/
FI1G. 11A
105
. 106
104|101 /7,
109 ) T
103 1023




U.S. Patent Mar. 15, 2016 Sheet 12 of 17 US 9,283,679 B2

FIG. 12A

104 101 7,
09 ‘ ?‘f@[}j Cj

153 1623 &1{}2bxf"yﬁ

%,

\ -108

107

FI1G.12B



U.S. Patent Mar. 15, 2016 Sheet 13 of 17 US 9,283,679 B2

—

FI1G. 13



U.S. Patent Mar. 15, 2016 Sheet 14 of 17 US 9,283,679 B2

FIG. 14




U.S. Patent Mar. 15, 2016 Sheet 15 of 17 US 9,283,679 B2

Acquire data regarding slave manipulator }— $21

$22
{

Slave arm has redundant joint?

32’25

Control for case where slave
arm has no redundant joint

Y
identify structure of joint at ey
distal end of slave arm 823

Lock joints for redundant {’;&iﬁt ) 824
operation other than identified joint

Control for case where slave - 825
arm has redundant joint

FIG.16



U.S. Patent Mar. 15, 2016 Sheet 16 of 17 US 9,283,679 B2

103 102

-,

105

106

g0




U.S. Patent Mar. 15, 2016 Sheet 17 of 17 US 9,283,679 B2

Acquire data regarding slave manipulator - 831

532

Slave arm has redundant joint?

536

Control for case where slave
arm has no redundant joint

Y

Identify structure of joint at -
distal end of slave arm S33

Replace with identified joint for — 834
redundant joint operation

ki

Control for case where slave 835
arm has redundant joint

e

End

FIG.18



US 9,283,679 B2

1
MASTER-SLAVE MANIPULATOR AND
MEDICAL MASTER-SLAVE MANIPULATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from prior Japanese Patent Application No. 2011-
010001, filed Jan. 20, 2011, the entire contents of which are
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a master-slave manipulator
and a medical master-slave manipulator.

2. Description of the Related Art

Recently, in order to reduce manpower in medical facili-
ties, medical procedures using robots have been under study.
Particularly in the field of surgery, various suggestions have
been made regarding manipulator systems that use a manipu-
lator having a multidegree-of-freedom (multiarticular) arm to
treat a patient. In connection with such manipulator systems,
there is known a manipulator system (master-slave manipu-
lator) in which a manipulator (slave manipulator) that comes
into direct contact with a body cavity of a patient can be
remotely operated by a master operation input device.
Recently, there has also come to be known a master-slave
manipulator in which a slave arm of a slave manipulator has
redundant degrees of freedom. Moreover, there is also known
a master-slave manipulator in which an operation unit for
operation input to the above-mentioned slave manipulator
having redundant degrees of freedom is provided on the side
of'a master operation input device. For example, according to
Jpn. Pat. Appln. KOKAI Publication No. 2006-334695, an
arm body configured to transmit the motion of the arm of a
user to a slave arm comprises an elbow switch. This elbow
switch is provided in a part of the arm body where the elbow
of the user is mounted, and is capable of controlling move-
ment having two degrees of freedom.

BRIEF SUMMARY OF THE INVENTION

According to a first aspect of the invention, there is pro-
vided a master-slave manipulator comprising: a slave
manipulator with joints having multiple degrees of freedom;
a master operation input device which allows an operator to
uniquely input a position and an orientation, comprising (1) a
first operation unit configured to output the position and ori-
entation, and (2) a second operation unit including at least a
joint configured to output value of the joint independently
with the output of the first operation unit; and a control unit
configured to calculate a driving amount of each joint of the
slave manipulator using the position and orientation of the
second operation unit as a position/orientation input com-
mand value for the end of the slave manipulator, to generate a
joint driving command value based on the position/orienta-
tion input command value, and to control the slave manipu-
lator in accordance with the joint driving command value.

According to a second aspect of the invention, there is
provided a master-slave manipulator comprising: a slave
manipulator with joints including multiple degrees of free-
dom; a master operation input device which allows an opera-
tor to uniquely input a position and an orientation, comprising
(1) a first operation unit configured to output the position and
orientation, and (2) a second operation unit including at least
a joint configured to output value of the joint independently
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with the output of the first operation unit; and a control unit
(1) configured to calculate a first driving amount of each joint
of'the slave manipulator by using the position and orientation
of the second operation unit as a position/orientation input
command value for the end of the slave manipulator, to gen-
erate a first joint driving command value based on the first
driving amount, and to control the slave manipulator in accor-
dance with the first joint driving command value, when the
slave manipulator includes no redundant joint, and (2) con-
figured to calculate a second driving amount of each joint of
the slave manipulator by hypothetically using the position
and orientation of the first operation unit as a position/orien-
tation input command value for the end of the slave manipu-
lator including no redundant joint on the assumption that the
distal end of the redundant joint is a fixed joint, to generate a
second joint driving command value including a driving
amount of the joint of the second operation unit and the
second joint driving amount, and to control the slave manipu-
lator in accordance with the second joint driving command
value, when the slave manipulator includes at least a redun-
dant joint.

Advantages of the invention will be set forth in the descrip-
tion which follows, and in part will be obvious from the
description, or may be learned by practice of the invention.
The advantages of the invention may be realized and obtained
by means of the instrumentalities and combinations particu-
larly pointed out hereinafter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate embodi-
ments of the invention, and together with the general descrip-
tion given above and the detailed description of the embodi-
ments given below, serve to explain the principles of the
invention.

FIG. 1is a diagram showing the overall configuration of an
example of a master-slave manipulator according to embodi-
ments of the present invention;

FIG. 2 is a schematic diagram showing the configuration of
an example of an operation unit according to the first embodi-
ment of the present invention;

FIG. 3A is a diagram showing an example of the structure
of a slave arm having no redundant joint;

FIG. 3B is a diagram showing an example of the structure
of the slave arm having a redundant joint;

FIG. 4 is a flowchart showing the operation of a controller
of'the master-slave manipulator according to the first embodi-
ment of the present invention in which the slave arm has no
redundant joint;

FIG. 5A is a schematic diagram of a master operation input
device;

FIG. 5B is a schematic diagram of a slave arm assumed in
inverse-kinematic computation according to the embodiment
in which the slave arm has no redundant joint;

FIG. 6 is a flowchart showing the operation of the control-
ler of the master-slave manipulator according to the first
embodiment of the present invention in which the slave arm
has a redundant joint;

FIG. 7 is a schematic diagram of a slave arm assumed in
inverse-kinematic computation according to the embodiment
in which the slave arm has a redundant joint;

FIG. 8 is a flowchart showing the operation of the control-
ler which makes a switch (determination) as to whether the
slave arm has a redundant joint or not;
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FIG. 9A is a diagram showing the structure of the slave arm
according to a modification in which a joint provided in the
grip portion is a yaw joint;

FIG. 9B is a diagram showing the structure of the master
operation input device according to the modification in which
the joint provided in the grip portion is a yaw joint;

FIG. 10A is a diagram showing the structure of the slave
arm according to a modification in which a joint provided in
the grip portion is a pitch joint;

FIG. 10B is a diagram showing the structure of the master
operation input device according to the modification in which
the joint provided in the grip portion is a pitch joint;

FIG. 11A is a diagram showing the structure of the slave
arm according to a modification in which a joint provided in
the grip portion is a translation joint;

FIG. 11B is a diagram showing the structure of the master
operation input device according to the modification in which
the joint provided in the grip portion is a translation joint;

FIG. 12A is a diagram showing the structure of the slave
arm according to a modification in which multiple joints are
provided in the grip portion;

FIG. 12B is a diagram showing the structure of the master
operation input device according to the modification in which
the multiple joints are provided in the grip portion;

FIG. 13 is a diagram showing an example of a wireless
operation unit;

FIG. 14 is a diagram showing an example in which the
structure is varied except for a distal end;

FIG. 15 is a schematic diagram showing the configuration
of an example of an operation unit according to the second
embodiment of the present invention;

FIG. 16 is aflowchart illustrating the operation of a master-
slave manipulator according to the second embodiment of the
present invention;

FIG. 17 is a schematic diagram showing the configuration
of an example of an operation unit according to the third
embodiment of the present invention; and

FIG. 18 is aflowchart illustrating the operation of a master-
slave manipulator according to the third embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments according to the present invention will here-
inafter be described with reference to the drawings.

[First Embodiment]

The first embodiment of the present invention is described.
FIG. 1 is a diagram showing the overall configuration of an
example of a master-slave manipulator according to embodi-
ments of the present invention. As shown in FIG. 1, the
master-slave manipulator according to the embodiments
comprises a master operation input device 10, a controller 20,
and a slave manipulator 30.

The master operation input device 10 functions as a master
in the master-slave manipulator, and comprises, for example,
an operation unit 11 and a display unit 12.

The operation unit 11 is fixed to, for example, the display
unit 12, and when operated by an operator, outputs an opera-
tion signal for operating the slave manipulator 30.

FIG. 2 is a schematic diagram showing the configuration of
an example of the operation unit 11 according to the first
embodiment of the present invention. The operation unit 11
shown by way of example in FIG. 2 has a grip portion 101.
The grip portion 101 is a portion to be gripped by an operator
with his/her hand. The grip portion 101 is supported movably
in the directions of three orthogonal axes and in the directions
to rotate around the respective axes.
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A first roll joint 102 as an example of a second operation
unitis pivotally fastened to the grip portion 101 as an example
of'a first operation unit. The first roll joint 102 is based on the
grip portion 101, and is operable independently of the grip
portion 101. The first roll joint 102 is configured to be able to
be rotated by a fingertip when the operator holds the grip
portion 101 with his/her hand. An unshown position sensor
(e.g., an encoder) is provided in the vicinity of the first roll
joint 102. When the first roll joint 102 is rotated by the
operator, a resultant driving amount (rotation amount) is
detected by the position sensor. From this position sensor, an
operation signal corresponding to the driving amount (rota-
tion amount) of the first roll joint 102 is input to a master
control unit 21 of the controller 20.

An end effector operation unit 103 is attached to the first
roll joint 102. That is, the first roll joint 102 and the end
effector operation unit 103 are operably attached indepen-
dently of the position and orientation of the grip portion 101,
and constitute the second operation unit. The end effector
operation unit 103 is configured to be able to be opened/
closed with a fingertip when the operator holds the grip por-
tion 101 with his/her hand. An unshown position sensor (e.g.,
an encoder) is provided in the vicinity of the end effector
operation unit 103. When the end effector operation unit 103
is opened/closed by the operator, a resultant opening/closing
amount (opening/closing angle) is detected by the position
sensor. From this position sensor, an operation signal corre-
sponding to the opening/closing amount of the end effector
operation unit 103 is input to the master control unit 21 of the
controller 20.

The grip portion 101 is attached to a first link. A second roll
joint 104 is pivotally fastened to the first link. An unshown
position sensor (e.g., an encoder) is provided in the vicinity of
the second roll joint 104. When the second roll joint 104 is
driven in response to the operation of the grip portion 101 by
the operator, a resultant driving amount (rotation amount) is
detected by the position sensor. From this position sensor, an
operation signal corresponding to the driving amount of the
second roll joint 104 is input to the master control unit 21 of
the controller 20.

The second roll joint 104 is attached to a second link. A first
yaw joint 105 is pivotally fastened to the second link. An
unshown position sensor (e.g., an encoder) is provided in the
vicinity of the first yaw joint 105. When the first yaw joint 105
is driven in response to the operation of the grip portion 101
by the operator, a resultant driving amount (rotation amount)
is detected by the position sensor. From this position sensor,
an operation signal corresponding to the driving amount of
the first yaw joint 105 is input to the master control unit 21 of
the controller 20.

The yaw joint 105 is attached to a third link. A pitch joint
106 is pivotally fastened to the third link. An unshown posi-
tion sensor (e.g., an encoder) is provided in the vicinity of the
pitch joint 106. When the pitch joint 106 is driven in response
to the operation of the grip portion 101 by the operator, a
resultant driving amount (rotation amount) is detected by the
position sensor. From this position sensor, an operation signal
corresponding to the driving amount of the pitch joint 106 is
input to the master control unit 21 of the controller 20.

The pitch joint 106 is attached to a fourth link. The fourth
link is attached to a first translation joint 107. An unshown
position sensor (e.g., an encoder) is provided in the vicinity of
the first translation joint 107. When the first translation joint
107 is driven in response to the operation of the grip portion
101 by the operator, a resultant driving amount (translation
amount) is detected by the position sensor. From this position
sensor, an operation signal corresponding to the driving
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amount of the first translation joint 107 is input to the master
control unit 21 of the controller 20.

A fifth link extends from the first translation joint 107. The
fifth link is attached to a second translation joint 108. An
unshown position sensor (e.g., an encoder) is provided in the
vicinity of the second translation joint 108. When the second
translation joint 108 is driven in response to the operation of
the grip portion 101 by the operator, a resultant driving
amount (translation amount) is detected by the position sen-
sor. From this position sensor, an operation signal corre-
sponding to the driving amount of the second translation joint
108 is input to the master control unit 21 of the controller 20.

The second translation joint 108 is attached to a sixth link.
A second yaw joint 109 is pivotally fastened to the sixth link.
Further, the second yaw joint 109 is fixed to, for example, the
display unit via a seventh link. An unshown position sensor
(e.g., anencoder) is provided in the vicinity of the second yaw
joint 109. When the second yaw joint 109 is driven in
response to the operation of the grip portion 101 by the
operator, a resultant driving amount (rotation amount) is
detected by the position sensor. From this position sensor, an
operation signal corresponding to the driving amount of the
second yaw joint 109 is input to the master control unit 21 of
the controller 20.

According the configuration described above, the opera-
tion unit 11 shown in FIG. 2 inputs, to the master control unit
21 of the controller 20, the operation signals (+ the operation
signal of the end effector) that correspond to seven degrees of
freedom, including six operation signals corresponding to the
changes in the position and orientation of the grip portion 101
and the operation signal indicating the operation amount of
the first roll joint 102. The operator grips the grip portion 101
in his/her palm, and grips the end effector operation unit 103
with his/her finger. Thus, the operator can move the first roll
joint 102 by moving his/her finger relative to his/her palm,
and can move the end effector operation unit by moving
his/her finger. The position and orientation of the grip portion
101 can be uniquely determined by the six joints 109, 108,
107, 106, 105, and 104. Moreover, the first roll joint 102 can
be used to rotate the end effector operation unit 103 indepen-
dently of the position and orientation of the grip portion 101
and open/close the end effector operation unit 103.

Here, the explanation continues returning to FIG. 1. The
display unit 12 shown in FIG. 1 comprises, for example, a
liquid crystal display, and displays an image in accordance
with an image signal input from the controller 20. As will be
described later, the image signal input from the controller 20
is provided by processing, in the controller 20, an image
signal which is obtained via an electronic camera (electronic
endoscope) attached to the slave arm 31. The image based on
such animage signal is displayed on the display unit 12 so that
the operator of the master operation input device 10 can check
an image of the end of the slave manipulator 30 located apart
from the master operation input device 10.

The controller 20 comprises the master control unit 21, a
manipulator control unit 22, and an image processing unit 23.

The master control unit 21 calculates command values for
the position and orientation of the end of the slave arm 31, for
example, by kinematic computation in accordance with the
operation signals from the master operation input device 10,
and outputs the command values for the position and orien-
tation to the manipulator control unit 22. The master control
unit 21 also outputs, to the manipulator control unit 22, the
operation signal for giving a command regarding the driving
amount of the distal joint and the operation signal for giving
a command regarding the driving amount of the end effector
from the master operation input device 10.
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In response to the command values for the position and
orientation from the master control unit 21, the manipulator
control unit 22 calculates a command value for the driving
amount of each joint of the slave arm 31 necessary for the
position and orientation of the end of the slave arm 31 to
correspond to the command values. The manipulator control
unit 22 then drives each joint of the slave arm 31 in accor-
dance with the calculated command value. A method of cal-
culating the driving amount of each joint will be described
later. The manipulator control unit 22 also drives the end
effector ofthe slave arm 31 in response to the operation signal
for giving a command regarding the driving amount of the end
effector from the master control unit 21.

The image processing unit 23 processes the image signal
obtained from the electronic camera (e.g., electronic endo-
scope) provided at the end of the slave arm 31, and generates
an image signal to be displayed on the display unit 12, and
then outputs the image signal to the display unit 12.

The slave manipulator 30 has the slave arm 31. Each joint
of the slave arm 31 is driven in accordance with a control
signal from the manipulator control unit 22. Examples of the
structure of the slave arm 31 are shown in FIG. 3A and FIG.
3B.

The slave arm 31 in the example shown in FIG. 3A has no
redundant joint. The slave arm 31 has, for example, a series of
six joints 203 to 208. An end effector 201 is further attached
to joint 203 at the distal end of the slave arm 31. Here, the joint
at the distal end means a joint located farthest from the side
where the slave arm 31 is fixed. The end effector 201 shown
in FIG. 3A is an example of a gripper. Instead, a surgical
instrument such as a camera (e.g., electronic endoscope) or an
electric scalpel may be attached to the end, and the end is
interchangeable.

Among the joints shown in FIG. 3A, joint 205 is a roll joint,
joints 203 and 208 are yaw joints, and joints 204 and 207 are
pitch joints. Joint 206 is a translation joint. Three degrees of
freedom in position and three degrees of freedom in orienta-
tion of the end of the slave arm 31 are obtained by driving
joints 203 to 208 shown in FIG. 3A in cooperation with one
another.

The slave arm 31 in the example shown in FIG. 3B has a
redundant joint. In this slave arm 31, a roll joint 202 is addi-
tionally provided to be coupled to joint 203 of the slave arm
31 shown in FIG. 3A. The end effector 201 is further attached
to joint 202. Here, in the present embodiment, the structure of
the redundant joint located at the distal end of the slave arm 31
is the same as the structure of joint 102 for redundant joint
operation provided in the vicinity of the grip portion 101 of
the master operation input device. For example, in the
example shown in FIG. 2, joint 102 is a roll joint. In this case,
joint 202 is also a roll joint.

Three degrees of freedom in position and three degrees of
freedom in orientation of the end of the slave arm 31 are
obtained by driving joints 203 to 208 shown in FIG. 3B in
cooperation with one another. In addition to these joints, joint
202 for rolling the end effector 201 is provided as the redun-
dant joint in FIG. 3B. Such a configuration makes it possible
to, for example, only roll the part in the vicinity of the end
effector 201 when rolling the slave arm 31.

As the surgical instrument is interchangeable, the location
of the joint at the end of the surgical instrument may be
changed during surgery as shown in FIG. 3A and in FIG. 3B
in the case of, for example, a medical master-slave manipu-
lator. Moreover, multiple slave manipulators may be switched
and operated by one master operation input device. The slave
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manipulator without redundancy shown in FIG. 3A and the
slave manipulator with redundancy shown in FIG. 3B may be
switched and operated.

The operation of the master-slave manipulator according to
the present embodiment is described below. In the present
embodiment, the operation varies depending on whether the
slave arm 31 has a redundant joint.

FIG. 4 is a flowchart showing the operation of the control-
ler 20 of the master-slave manipulator according to the
present embodiment in which the slave arm 31 has no redun-
dant joint.

The operator who grips the operation unit 11 of the master
operation input device 10 operates the operation unit 11 such
that the joints constituting the operation unit 11 are driven
accordingly. If the joints are driven, their driving amounts are
detected by the unshown position sensors, and operation sig-
nals are input to the controller 20 from the position sensors.

A case where the slave arm 31 has no redundant joint is
described with reference to FIG. 5A and FIG. 5B. FIG. 5A is
a schematic diagram of the master operation input device.
When the slave arm 31 has no redundant joint, the master
control unit 21 of the controller 20 solves kinematics in accor-
dance with the operation signals input from the operation unit
11 to find a position/orientation M of the end effector opera-
tion unit 103 of the master operation input device 10 as
command values for the position and orientation of the end of
the slave arm 31. The position and orientation of the end
effector operation unit 103 can be calculated by computing
kinematics from joints 109, 108, 107, 106, 105, 104, and 102
and the lengths of the links that connect these joints. Actually,
the operator operates the grip portion 101 in his/her palm, so
that the operation amount of the first roll joint 102 can be
added to a position/orientation M101 of the grip portion 101
to compute the position/orientation M of the end effector
operation unit 103. The master control unit 21 then inputs the
calculated command value M to the manipulator control unit
22 (step S1).

Furthermore, the manipulator control unit 22 solves the
inverse kinematics of the end of the slave arm 31 in accor-
dance with the input command value M to find command
values regarding the driving amounts of the joints of the slave
arm 31 (step S2). FIG. 5B is a schematic diagram of the slave
arm 31 assumed in the inverse-kinematic computation
according to the present embodiment in which the slave arm
31 has no redundant joint. When the slave arm 31 has no
redundant joint, the inverse kinematics is solved for the end
position in FIG. 5B. When the slave arm 31 has no redundant
joint, the inverse kinematics can be relatively easily solved.

After finding the command values regarding the driving
amounts of the joints, the manipulator control unit 22 inputs
the found command values to the slave manipulator 30, and
drives the joints of the slave arm 31 (step S3).

FIG. 6 is a flowchart showing the operation of the control-
ler 20 of the master-slave manipulator according to the
present embodiment in which the slave arm 31 has a redun-
dant joint.

When the slave arm 31 has a redundant joint, the master
control unit 21 of the controller 20 solves the kinematics of
the grip portion 101 of the master operation input device 10 in
accordance with the operation signals corresponding to joints
104 to 109 input from the operation unit 11 to find the posi-
tion/orientation M101 of'the grip portion 101 as the command
value M for the position and orientation of the end of the slave
arm 31. The master control unit 21 then inputs the calculated
command value M to the manipulator control unit 22 (step
S11).
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Furthermore, the manipulator control unit 22 solves the
inverse kinematics of the end of the slave arm 31 in accor-
dance with the input command value M on the assumption
that the slave arm 31 does not have joint 202 (i.e., on the
assumption that joint 202 is a fixed joint), and thereby finds
command values regarding the driving amounts of joints 203
to 208 of the slave arm 31 (step S12). FIG. 7 is a schematic
diagram of'the slave arm 31 assumed in the inverse-kinematic
computation according to the present embodiment in which
the slave arm 31 has a redundant joint. In the present embodi-
ment, the first roll joint 102 and joint 202 have the same
structure, and a command can be directly given by the first roll
joint regarding the driving amount of joint 202. Therefore,
when the slave arm 31 has a redundant joint as shown in FI1G.
7, the position and orientation of the end of the slave arm 31
can be correctly controlled even if the inverse kinematics is
solved on the assumption that the slave arm 31 has no redun-
dant joint. The inverse kinematics is solved on the assumption
that the slave arm 31 does not have joint 202 at the end, such
that the inverse kinematics can be relatively easily solved
without performing a redundant inverse-kinematic computa-
tion.

The master control unit 21 then finds an operation amount
(rotation amount of the first roll joint 102 shown in FIG. 5A)
Mr of the first roll joint 102 in accordance with the operation
signal corresponding to the first roll joint 102 input from the
operation unit 11, and inputs the found operation amount Mr
to the manipulator control unit 22 (step S13). Accordingly, the
manipulator control unit 22 uses the operation amount Mr as
the driving amount (rotation amount of joint 202 shown in
FIG. 7) of joint 202 at the distal end of the slave arm 31 (step
S14).

After finding the command values regarding the driving
amounts of the joints, the manipulator control unit 22 inputs
the found command values to the slave manipulator 30, and
drives the joints of the slave arm (step S15).

As described above, in the present embodiment, the opera-
tion unit 11 of the master operation input device 10 has a first
roll joint 102 which serves as an operable joint for the opera-
tor to give a command regarding the driving amount of the
redundant joint ofthe slave arm 31. When the slave arm 31 has
no redundant joint, the inverse kinematics of the whole slave
arm 31 is solved to find the driving amounts of the joints.
When the slave arm 31 has a redundant joint, the driving
amounts of the joints other than redundant joint 202 are found
by solving the inverse kinematics on the assumption that the
slave arm 31 does not have joint 202 at the distal end. The
driving amount of the redundant joint 202 is found by using
the command values from the master operation input device
10. Thus, in the present embodiment, load on the inverse-
kinematic computation can be reduced regardless of whether
or not the slave arm 31 has a redundant joint. Consequently,
the same master operation input device can be used for mas-
ter-slave operation even if the joint structure of the slave
manipulator is modified.

The case where the slave arm 31 has a redundant joint and
the case where the slave arm 31 has no redundant joint are
separately described above. However, whether the slave arm
31 has the redundant joint is repetitively determined from
time to time as shown in F1G. 8, so that joint driving command
values for the slave manipulator can be modified in real time
during surgery by the control unit even if the joint configura-
tion of the end effector of the slave arm 31 is modified during
the master-slave operation.

In FIG. 8, the master control unit 21 of the controller 20
solves the kinematics to calculate the position/orientation
M101 of the grip portion 101 of the master operation input



US 9,283,679 B2

9

device 10 in accordance with the operation signals input from
the operation unit 11. The master control unit 21 also acquires
the operation amount Mr of the first roll joint 102 from the
operation signal of joint 102 input from the operation unit 11
(step S101).

The master control unit 21 then determines whether the
slave arm 31 of the slave manipulator 30 has a redundant joint
(step S102). As a component for this determination, the mas-
ter control unit 21 has a memory therein. A flag for recogniz-
ing whether the slave arm 31 has a redundant joint is stored in
the memory. For example, a flag “1” is stored in the memory
when the slave arm 31 has a redundant joint, and a flag “0” is
stored in the memory when the slave arm 31 has no redundant
joint. The master control unit 21 performs the determination
in step S102 by reading the flag from the memory.

When determining in step S102 that the slave arm 31 has no
redundant joint, the master control unit 21 multiplies the
position/orientation M101 of the grip portion 101 calculated
in step S101 by the operation amount Mr of joint 102, and
thereby calculates the command value M for the position and
orientation of the end of the slave arm 31 (step S103).

The manipulator control unit 22 solves the inverse kine-
matics of the end of the slave arm 31 in accordance with the
command value M calculated by the master control unit 21 in
step S103 to find command values regarding the driving
amounts of the joints of the slave arm 31 (step S104).

When determining in step S102 that the slave arm 31 has a
redundant joint, the master control unit 21 of the controller 20
uses the operation amount Mr of joint 102 input from the
operation unit 11 as the driving amount of joint 202, and uses
the position/orientation M101 as the command value M for
the position and orientation of the end of the slave arm 31
(step S105).

The manipulator control unit 22 solves the inverse kine-
matics of the end of the slave arm 31 in accordance with the
input command value M on the assumption that the slave arm
31 does not have joint 202 (on the assumption that joint 202 is
a fixed joint), and thereby finds command values regarding
the driving amounts of joints 203 to 208 of the slave arm 31.
The manipulator control unit 22 also uses the operation
amount Mr as the driving amount of joint 202 at the distal end
of the slave arm 31 (step S106).

After finding the command values regarding the driving
amounts of the joints, the manipulator control unit 22 inputs
the found command values to the slave manipulator 30, and
drives the joints of the slave arm 31 (step S107). The above-
described control shown in FIG. 8 is repeated from time to
time.

[Modifications]

Modifications of the embodiment are described below. In
the example shown in FIG. 2, the roll joint is provided in the
grip portion 101. This is attributed to the fact that the joint at
the distal end (the end effector) of the slave arm 31 is a roll
joint. When the joint at the distal end of the slave arm 31 is not
a roll joint, the joint provided in the grip portion 101 is also
changed. For example, when the joint at the distal end of the
slave arm 31 is a yaw joint as shown in FIG. 9A, a joint 1021
provided in the grip portion 101 is also a yaw joint as shown
in FIG. 9B. Similarly, when the joint at the distal end of the
slave arm 31 is a pitch joint as shown in FIG. 10A, ajoint 1022
provided in the grip portion 101 is also a pitch joint as shown
in FIG. 10B. When the joint at the distal end of the slave arm
31 is a translation joint as shown in FIG. 11A, a joint 1023
provided in the grip portion 101 is also a translation joint as
shown in FIG. 11B.

Moreover, when two or more kinds of independent joints
202q and 2025 are provided at the distal end of the slave arm
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31 as shown in FIG. 12A, more than one joint are provided in
the grip portion 101. For example, FIG. 12A shows the slave
arm 31 having eight degrees of freedom in which the roll joint
2025 and the translation joint 2024 are added to joints 203 to
208 corresponding to six degrees of freedom. In this case, the
grip portion 101 is also provided with two joints including a
roll joint 1025 and a translation joint 102« that can be inde-
pendently operated. Such a configuration allows the joint at
the distal end of the slave arm 31 to have the same structure as
the joint provided in the grip portion 101. This enables the
operator to intuitively operate the roll joint 2026 and the
translation joint 202a of the slave arm 31. Two joints are
provided in the example shown in FIG. 12B. However, when
the number of joints of the slave arm 31 is increased, the
number of joints provided in the grip portion 101 of the
master operation input device 10 is also increased accord-
ingly.

When the structure of the end effector 201 of the slave arm
31 is different from the structure shown in FIG. 3, it is pref-
erable to also change the structure of the end effector opera-
tion unit 103 accordingly.

Furthermore, joints 104 to 109 provided in the operation
unit 11 shown in FIG. 2 serve to give commands regarding the
position and orientation of the end of the slave arm 31. Joints
104 to 109 may not be used as long as commands can be given
regarding the position and orientation of the end of the slave
arm 31. For example, if a sensor (e.g., an acceleration sensor)
for detecting the translation of three axes is provided in the
operation unit 11, the operation unit 11 can be configured as
shown in FIG. 13. In the example shown in FIG. 13, if an
operator 1 grips the grip portion 101 of the operation unit 11
to move or rotate the operation unit 11 in a three-dimensional
space, operation signals corresponding to three degrees of
freedom in position can be given. Operation signals corre-
sponding to three degrees of freedom in orientation are
obtained by analyzing the image obtained, for example, by a
camera 13. FIG. 13 shows an example wherein the operation
signal obtained by the operation unit 11 can be wirelessly
communicated via a wireless communication unit 14. It
should be understood that the operation signal obtained by the
operation unit 11 may be communicated in a wired manner in
the example shown in FIG. 13. It should also be understood
that the orientation of the operation unit 11 may be detected
by an angular velocity sensor.

As described above, as long as joint 102 for redundant joint
operation in the master operation input device 10 has the same
structure as the redundant joint 202 at the distal end of the
slave arm 31, the technique according to the present embodi-
ment can be applied even if the structure is different in other
parts. That is, the technique according to the present embodi-
ment can be applied as long as joint 102 has the same structure
as joint 202 even if the master operation input device 10 has
a given structure that uses some part other than joint 102 to
give command values for x degrees of freedom (DOF) and the
slave arm 31 has a given structure that uses some part other
than joint 202 to enable driving having y degrees of freedom
as shown in FIG. 14.

[Second Embodiment]

Now, the second embodiment of the present invention is
described. FIG. 15 is a schematic diagram showing the con-
figuration of an operation unit 11 according to the second
embodiment of the present invention. Here, components in
FIG. 15 equivalent to those in FIG. 2 are provided with the
same reference numbers as those in FIG. 2 and are not
described below.

As shown in FIG. 15, in the second embodiment, joints
102, 1021, 1022, and 1023 as operable joints that can be
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independently operated are arranged in the vicinity of the grip
portion 101. Each of these joints is adaptable to different
degrees of freedom. In FIG. 15, joint 102 is a roll joint, joint
1021 is a yaw joint, joint 1022 is a pitch joint, and joint 1023
is a translation joint.

Furthermore, a lock unit 1024 is provided in the vicinity of
joints 102, 1021, 1022, and 1023. The lock unit 1024 has an
IC and a lock mechanism. The lock unit 1024 reads data
indicating the joint structure of the distal end of a slave arm
31, and activates the lock mechanism so that the joints which
are not adapted to the joint structure of the distal end of the
slave arm 31 are inoperable among joints 102, 1021, 1022,
and 1023. Here, the lock mechanism may be a mechanism
that uses, for example, a latch member to mechanically lock
the joint or may be a mechanism that uses, for example, a
relay to electrically lock the joint. In addition, the output of an
operation signal may be prevented even if the joint which is
not adapted to the joint structure of the distal end is operated,
or an operation signal from the joint which is not adapted to
the joint structure of the distal end may be ignored.

Substantially the same configuration as that shown in FIG.
1 can be applied to the whole configuration of a master-slave
manipulator as an example. However, in the second embodi-
ment, a manipulator control unit 22 of a controller 20 is
configured to communicate with a slave manipulator 30 to
acquire data regarding the slave arm 31, and output the
acquired data regarding the slave arm 31 to a master control
unit 21. The lock unit 1024 is configured to be able to acquire,
when needed, the data regarding the slave arm 31 stored in the
master control unit 21. Here, the data regarding the slave arm
31 includes at least data regarding whether the slave arm 31
has a redundant joint at the distal end, and data regarding the
structure of the joint when the slave arm 31 has a redundant
joint at the distal end.

FIG. 16 is a flowchart illustrating the operation of the lock
unit 1024 in the master-slave manipulator according to the
present embodiment.

At the start of the operation of the master-slave manipula-
tor according to the present embodiment, the lock unit 1024
communicates with the master control unit 21 of the control-
ler 20, and acquires the data regarding the slave arm 31 (step
S21). After acquiring the data regarding the slave arm 31, the
lock unit 1024 determines whether the slave arm 31 has a
redundant joint at the distal end (step S22).

When determining in step S22 that the slave arm 31 has a
redundant joint at the distal end, the lock unit 1024 identifies
the structure of the joint at the distal end of the slave arm 31
in accordance with the data regarding the slave arm 31 (step
S23). The lock unit 1024 then activates the lock mechanism
so that the joints which are not adapted to the joint structure of
the distal end of the slave arm 31 are inoperable among joints
102, 1021, 1022, and 1023 (step S24). For example, if the
slave arm 31 has the structure shown in FIG. 3, the lock unit
1024 activates the lock mechanism so that joints 1021, 1022,
and 1023 are inoperable. This is followed by the operation of
the controller 20 of the master-slave manipulator shown in
FIG. 6 in which the slave arm 31 has a redundant joint (step
S25).

When determining in step S22, on the other hand, that the
slave arm 31 has no redundant joint at the distal end, the lock
unit 1024 does not activate the lock mechanism. This is fol-
lowed by the operation of the controller 20 of the master-slave
manipulator shown in FIG. 4 in which the slave arm 31 has no
redundant joint (step S26).

As described above, in the present embodiment, the joints
adapted to multiple degrees of freedom are connected as the
operable joints for operating the joint at the distal end of the
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slave arm 31. The structure of the distal end of the slave arm
31 is then identified, and the joints of the operation unit 11
other than a necessary joint are made inoperable. Conse-
quently, the technique described in the first embodiment can
be applied to slave manipulators having various structures
without changing the structure of the master operation input
device 10.

Moreover, the joints other than a necessary joint are locked
to be inoperable. Thus, there is no possibility that the operator
may erroneously operate the joints other than the necessary
joint and the slave arm 31 may behave incorrectly.

[Third Embodiment]

Now, the third embodiment of the present invention is
described. FIG. 17 is a schematic diagram showing the con-
figuration of an operation unit 11 according to the third
embodiment of the present invention. Here, components in
FIG. 17 equivalent to those in FIG. 2 have the same reference
numbers as those in FIG. 2 and are not described below.

As shown in FIG. 17, in the third embodiment, operable
joints for operating a joint at the distal end of a slave arm 31
are replaceable. In FIG. 17, a joint 102, a joint 1021, a joint
1022, a joint 1023, and joints 102 and 1023 are shown as
replaceable joints by way of example.

Substantially the same configuration as that shown in FIG.
1 can be applied to the whole configuration of a master-slave
manipulator as an example. However, in the third embodi-
ment, a manipulator control unit 22 of a controller 20 is
configured to communicate with a slave manipulator 30 to
acquire data regarding the slave arm 31, and output the
acquired data regarding the slave arm 31 to a master control
unit 21, as in the second embodiment. A master operation
input device 10 is configured to be able to acquire, when
needed, the data regarding the slave arm 31 stored in the
master control unit 21.

FIG. 18 is a flowchart illustrating the operation of the
master-slave manipulator according to the present embodi-
ment.

At the start of the operation of the master-slave manipula-
tor according to the present embodiment, the master opera-
tion input device 10 acquires the data regarding the slave arm
31 (step S31). After acquiring the data regarding the slave arm
31, the master operation input device 10 determines whether
the slave arm 31 has a redundant joint at the distal end (step
S32).

When determining in step S32 that the slave arm 31 has a
redundant joint at the distal end, the master operation input
device 10 identifies the structure of the joint at the distal end
of'the slave arm 31 in accordance with the data regarding the
slave arm 31 (step S33). The master operation input device 10
then displays the identified data on a display unit 12. Looking
at the data displayed on the display unit 12, the operator
replaces the joint for redundant joint operation at the distal
end located in the vicinity of the grip portion 101 with a joint
adapted to the joint structure of the distal end of the slave arm
31 (step S34). This is followed by the operation of the con-
troller 20 of the master-slave manipulator shown in FIG. 6 in
which the slave arm 31 has a redundant joint (step S35).

When determining in step S32, on the other hand, that the
slave arm 31 has no redundant joint at the distal end, there is
no need for replacement. In this case, the operator attaches, to
the grip portion 101, a joint having a given structure provided
with the end effector operation unit 103. It should be under-
stood that this joint need not be attached. This is followed by
the operation of the controller 20 of the master-slave manipu-
lator shown in FIG. 4 in which the slave arm 31 has no
redundant joint (step S36).
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As described above, in the present embodiment, the tech-
nique described in the first embodiment can be applied to
slave manipulators having various structures without chang-
ing the structure of the master operation input device 10, as in
the second embodiment.

Here, in the example described above, the operator
replaces the operable joint for operating the redundant joint.
This replacement may be automated.

While the embodiments of the present invention have been
described above, the present embodiments have their advan-
tageous effects particularly in a medical master-slave
manipulator in which a surgical instrument is replaced during
surgery and the joint structure of the slave manipulator 30
changes. Even if the joint configuration of the end effector of
the slave manipulator 30 is modified during the master-slave
operation, command values for the slave manipulator 30 can
be modified by the control unit in real time during surgery as
shown in FIG. 8.

While the present invention has been described above in
connection with the embodiments, the present invention is not
limited to the embodiments described above. It should be
understood that various modifications and applications can be
made within the spirit of the present invention. Furthermore,
the embodiments described above include various stages of
inventions, and various inventions can be extracted by prop-
erly combining the disclosed features. For example, when the
above-mentioned problems can be solved and the above-
mentioned advantages can be obtained even if some of all the
features shown in the embodiments are eliminated, a configu-
ration in which those features are eliminated can also be
extracted as an invention.

What is claimed is:

1. A master-slave manipulator comprising:

a slave manipulator comprising joints including multiple

degrees of freedom;

a master operation input device configured to allow an
operator to uniquely input a position and an orientation,
the master operation input device comprising:

a first operation unit configured to output the position
and orientation, and

a second operation unit coupled to the first operation
unit, the second operation unit comprising:
an end effector operation unit; and
ajoint located between the first operation unit and the

end effector operation unit,

wherein the second operation unit is configured to out-
put a value of the joint independently of the output of
the first operation unit; and

a control unit configured to:
when the slave manipulator includes no redundant joint,

calculate a first driving amount of each joint of the
slave manipulator by using the position and orien-
tation of the first operation unit and the value of the

25

30

35

40

45

14

joint of the second operation unit as a position/
orientation input command value for the end of the
slave manipulator,

generate a first joint driving command value based on
the first driving amount, and

control the slave manipulator in accordance with the
first joint driving command value, and

when the slave manipulator includes at least a redundant

joint,

calculate a second driving amount of each joint of the
slave manipulator by hypothetically using the posi-
tion and orientation from the first operation unit as
a position/orientation input command value for the
end of the slave manipulator including no redun-
dant joint on the assumption that the distal end of
the redundant joint is a fixed joint,

generate a second joint driving command value
including a driving amount of the joint of the sec-
ond operation unit and the second driving amount,
and

control the slave manipulator in accordance with the
second joint driving command value,

wherein:

the slave manipulator further comprises an interchange-

able end effector, and

the control unit determines whether the slave manipulator

includes the redundant joint in accordance with the
interchange of the end effector, and generates the first or
second joint driving command value in accordance with
the determination.

2. The master-slave manipulator according to claim 1,
wherein the second operation unit and the redundant joint
have the same structure.

3. The master-slave manipulator according to claim 1,
wherein the second operation unit comprises:

operable joints adapted to the multiple degrees of freedom

of the slave manipulator and configured to be indepen-
dently operable, and

a lock unit configured to lock the operable joints that are

not adapted to the redundant joint of the slave manipu-
lator to keep these operable joints inoperable.

4. The master-slave manipulator according to claim 1,
wherein the second operation unit is configured to be replace-
able with a joint having the same structure as the redundant
joint of the slave manipulator.

5. The master-slave manipulator according to claim 1,
wherein the control unit determines whether the slave
manipulator includes the redundant joint.

6. The master-slave manipulator according to claim 1,
wherein the interchangeable end effector comprises a surgical
instrument.



